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1998). While these studies represent a clear step forward
in defining the requirements for aggregation in initiating
TCR signaling, they still leave several open questions.
The first model does not explain how a few complexes
(say, less than 10) per APC might rapidly trigger T cells,
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while the second does not account for CD8-independentSwitzerland
responses.
What is ultimately important is to understand the
mechanism of TCR triggering within the constraints ofSensitivity, specificity, and context discrimination are
the two cell membranes. The solution to this problemthree key properties of T cell antigen recognition. T lym-
has so far been elusive due to the lack of appropriatephocytes recognize antigen as peptides bound to major
experimental systems. These membrane constraintshistocompatibility complex (MHC) molecules on the sur-
may favor partition of molecules at the T cell/APC con-face of antigen-presenting cells (APC). Since MHC mole-
tact region and influence the local concentrations of thecules are highly promiscuous in peptide binding, T cell
reactants and the kinetics of receptor±ligand interactionepitopes will be generally displayed on APC at low copy
(Shaw and Dustin, 1997; Monks et al., 1998). In thisnumber, and consequently T cell recognition must be
context, it is interesting to consider the possibility thatexquisitely sensitive. In addition, recognition must be
monovalent TCR ligation may be sufficient to inducehighly specific, since T cells must discriminate few anti-
clustering with signaling molecules (Figure 1). Recentgenic peptide±MHC complexes among a vast excess
evidence indicates that many signaling components,of irrelevant, yet highly homologous, complexes of the
such as Lck and LAT, which are key to initiating andsame MHC molecules carrying a variety of self-peptides.
propagating TCR signal transduction, are concentratedFinally, T cells must be able to interpret the context in
in cholesterol-enriched membrane microdomains, calledwhich a given antigen is presented to mount an effector
rafts (Simons and Ikonen, 1997; Zhang et al., 1998). Tworesponse to infectious antigens or ignore innocuous or
recent studies demonstrate that rafts are required forself-antigens. In this minireview we will discuss recent
efficient T cell activation and that triggered TCRs areevidence indicating that these three properties of T cells
recruited to the rafts (Montixi et al., 1998; Xavier et al.,
are intimately connected and are dependent on the ki-
1998). We would like to suggest that monovalent ligation
netics of the T cell receptor (TCR)±ligand interaction and
of TCR to the APC surface, by reducing its lateral mobil-
T cell stimulation. ity within the T cell membrane, might drive its recruit-
The Elusive Mechanism of TCR Stimulation ment into the kinase-rich environment of rafts, where
While the biochemical events that follow TCR triggering
are understood in increasing detail, the mechanism that
initiates this cascade of events is still unresolved. In
principle, the initial triggering event, induced by ligand
binding, can be envisaged either as a conformational
change of the TCR-CD3-z complex (hereafter referred
to as TCR) or as the induction of some form of aggrega-
tion. The latter may involve the formation of either ho-
mologous clusters of two or more ligand-engaged TCRs
or heterologous clusters of one ligand-engaged TCR
with other signal transduction components.
Structural studies have failed thus far to support the
conformational change model. In addition, two recent
experiments performed using soluble peptide±MHC com-
plexes make this model highly unlikely. Both studies
demonstrate that T cell triggering cannot be induced by
monovalent ligation of TCR by soluble peptide±MHC
complexes, but rather requires some form of oligomer- Figure 1. Initiation of TCR Triggering and Signal Transduction
ization. When defined oligomers of MHC class II±peptide (a±c) Mechanisms that may promote TCR triggering. (a) Oligomeriza-
tion of TCRs induced by ligand binding; (b) Cross-linking of TCRcomplexes were used to trigger T cells, it was found
with the CD8-Lck complex induced by monovalent ligand. (c) Lateralthat at least three TCRs need to be brought together in
translocation of a single TCR to a kinase-rich domain (raft) inducedorder to induce a calcium response (Boniface et al.,
by actin-driven motility of the T cells and shear stress. The passive1998). In another study however, T cell activation could
mobility of a single TCR complex is transiently decreased upon
be induced either by dimers of MHC class I±peptide ligation to a peptide±MHC complex on APC. At the same time the
complexes or by monomers that cross-link the TCR with rafts are laterally displaced by actin-driven motility, so that collisions
between single TCRs and kinase-rich rafts are promoted.the CD8 coreceptor±Lck kinase complex (Delon et al.,
(d) Propagation of signal from the triggered TCR to raft-associated
adaptors such as LAT. After TCR triggering is completed the pep-
tide±MHC complex can dissociate and become available for another* To whom correspondence should be addressed (e-mail: lanza
vecchia@bii.ch). cycle of engagement and triggering.
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the phosphorylation cascade can be triggered, resulting (Kersh et al., 1998). This work shows that the TCR z
phosphorylation state can translate the half-lives of thein complete phosphorylation of CD3 and z ITAMs by
Lck, followed by docking and activation of ZAP-70, a TCR-ligand interaction into discrete phospho-forms and
possibly distinct functional outcomes, depending on thecytoplasmic tyrosine kinase. This complex, which we
refer to as a triggered TCR, can now propagate the number or quality of adaptors and effectors recruited.
T Cell±APC Interaction and TCR Serial Triggeringsignal by phosphorylating adaptors such as LAT that
couple it to several downstream signaling pathways. In Whereas the interaction between an individual TCR and
its ligand occurs over a time frame of a few seconds,this model the actin-based T cell motility plays a key
role in the initiation of TCR triggering (Valitutti et al., the interaction between a single T cell±APC pair has a
time course of several hours. This long-lasting contact1995a).
Kinetic Threshold for TCR Triggering is necessary to ensure the sustained signaling that main-
tains gene transcription and promotes T cell cycle pro-Peptide±MHC complexes do not need to bind with high
affinity in order to trigger TCR. Strong agonists are typi- gression (Timmerman et al., 1996). This sustained signal-
ing is the result of continuous engagements of TCRs bycally characterized by a Kd of 1±90 mM and half-lives of
z10 s (Davis et al., 1998 and references therein). How- specific peptide±MHC complexes. In fact, in T cell±APC
conjugates the ongoing signaling process can be rapidlyever, small changes in peptide sequence, leading to
slightly faster off rates, have been shown to greatly af- terminated by treatments that prevent further TCR en-
gagements, such as the addition of antibodies to thefect their capacity to trigger T cells. These altered pep-
tide ligands may simply have a decreased potency (weak target MHC molecules, removal of antigen, as well as
blocking of the T cell's actin cytoskeleton (Valitutti etagonist), may trigger a partial response (partial ago-
nists), or may even inhibit activation by TCR agonists al., 1995a). The finding that the triggered TCRs are
downregulated and degraded in an antigen dose- and(antagonists). The altered responses have been corre-
lated to a distinct pattern of CD3/z phosphorylation and time-dependent fashion provided a method to analyze
the kinetics and extent of TCR triggering at the singlelack of ZAP-70 activation (Kersh and Allen, 1996).
The kinetic proofreading model (McKeithan, 1995) cell level. Using this method it was estimated that a
few (z100 per APC) agonistic peptide±MHC complexesprovides a conceptual framework to analyze the rela-
tionship between kinetics of TCR±ligand interaction and engage and trigger, with time, a much larger number of
TCRs (z20,000 per T cell) (Valitutti et al., 1995b). ThisT cell response. According to this model, the engage-
ment of TCR by peptide±MHC does not immediately lead serial triggering process implies that effective agonists
must be able not only to engage and trigger, but alsoto TCR triggering, because a series of phosphorylation
steps followed by recruitment and activation of ZAP-70 to dissociate from the triggered TCR to become avail-
able for a new interaction. The fast off-rate of this inter-need to be performed, a process that requires time. If
the duration of the interaction is sufficient, the phos- action is entirely consistent with this premise.
Low-affinity TCR ligands such as peptide±MHC com-phorylation and docking events will proceed until the
fully active complex, which we refer to as a triggered plexes and bacterial superantigens display logarithmic
dose±response curves, with similar slopes but differentTCR, is assembled and can transmit the signal to down-
stream pathways. In contrast, a premature dissociation potencies (Viola and Lanzavecchia, 1996) (Figure 2). In
all cases, the capacity to induce TCR downregulationbefore the process has been completed will lead to the
formation of inactive intermediates that, by sequestering correlates with the capacity to activate T cells. Thus,
strong agonists induce higher levels of downregulationsubstrates, inhibit activation by agonists, resulting in
TCR antagonism. This mechanism has been docu- than weak agonists, while antagonists fail to downregu-
late TCRs, but competitively inhibit TCR downregulationmented in the case of FceRI where antagonism is the
result of competition for limiting amounts of kinase (Tor- induced by agonists (Preckel et al., 1997; Viola et al.,
1997a, 1997b). The logarithmic dose±response curveigoe et al., 1998). An alternative possibility is that the
intermediates generated might deliver an incomplete or indicates that the efficiency of TCR triggering, defined as
the ratio of displayed peptide±MHC complexes versuseven negative signal, thus explaining partial agonism
and antagonism. The dependence of signaling on step- triggered TCRs, is highest when only a few complexes
are displayed per APC. This is incompatible with TCRwise formation of multiple intermediates enhances the
fidelity of kinetic discrimination by allowing for a greater oligomerization as a necessary requirement for TCR trig-
gering. In contrast to low-affinity ligands, high-affinitynumber of proofreading steps (Rabinowitz et al., 1996).
In this way, the kinetic proofreading model defines a antibodies to CD3 are much less effective in TCR trig-
gering at low copy number, since they display a fixedminimum time threshold for the TCR/peptide±MHC in-
teraction to be productive. An important aspect of ki- stoichiometry of z1:1 and a linear dose±response curve,
indicative of a single cycle rather than serial triggeringnetic proofreading is that the rate of the individual steps
depends on the concentration of the reactants. There- mode (Viola and Lanzavecchia, 1996). Furthermore, acti-
vation by high-affinity antibodies to CD3 is resistant tofore, this rate may differ in different cell types and can
be modulated by variations in the total level or local TCR antagonism (Viola et al., 1997b). In the context of
serial triggering, TCR antagonism may be explained notdistribution of signaling molecules, thus potentially ex-
plaining developmentally regulated changes in respon- only by sequestration or consumption of TCR substrates
but also by the sterile occupancy of TCRs, that maysiveness to TCR ligands. The kinetic proofreading model
is supported by recent biochemical data showing a limit the pool available for triggering by agonists. It
makes sense that, in both cases, high-affinity interac-multistep phosphorylation of tyrosine residues on z
chain ITAMs, dependent on the affinity of the ligand tions can override these inhibitory mechanisms.
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Figure 3. A Kinetic Window Defines Strong TCR Agonists
Hypothetical relationship between half-life of TCR-ligand interaction
(black axes) and number of TCRs engaged (blue axes) or triggered
(red axes) by a single ligand in a given time. Only ligands that engage
TCRs within an optimal range of kinetics, that compromises betweenFigure 2. Serial TCR Triggering by Low-Affinity Ligands
the stability necessary to perform all the steps required for triggering
For low-affinity ligands, such as peptide±MHC complexes, the rela- and the instability necessary for serial engagements, will be effective
tionship between the number of ligands displayed on an APC and in the serial triggering process. The stippled vertical line defines the
the number of TCRs triggered and downregulated over time is loga- TCR triggering threshold.
rithmic, indicating that the efficiency of the process is highest when
only a few complexes are displayed on the APC. In contrast, in the
case of high-affinity ligands the relationship is linear, indicating that
achieved, even when most of the TCRs have been trig-they trigger TCRs on an z1:1 basis. TCR antagonists inhibit trig-
gered. On the other hand, in the same experiments,gering by low-affinity but not by high-affinity ligands. Furthermore,
dependency on CD4 coreceptor is a characteristic of weak agonists. CD28 costimulation allows activation at very low levels
The curves shown illustrate experimental observations. The dotted of TCR occupancy (Cai et al., 1997; Iezzi et al., 1998).
lines represent T cell activation thresholds in the absence or in the The role of CD28 costimulation is not to increase the
presence of costimulation (upper and lower lines, respectively). number of triggered TCRs, but rather to amplify the
signal transmitted so that a cellular response can be
achieved at lower numbers of triggered TCRs (Viola andThe integration of the kinetic proofreading and TCR
serial triggering models provides a kinetic definition for Lanzavecchia, 1996). CD28 enhances early phosphory-
lation events including phosphorylation of the z chainTCR agonists (Figure 3). Strong agonists will fall within
a short kinetic window that represents a compromise (Tuosto and Acuto, 1998), and we hypothesize that CD28
may recruit rafts at the T cell±APC contact site. Thus,between successful completion of all the steps required
for TCR triggering and rapid dissociation of the ligand besides other specific functions, such as protection
from apoptosis (Boise et al., 1995), CD28 may act as afrom the triggered TCR, to make it available for further
cycles of ligation and triggering. In this context CD4 and quantitative amplifier of TCR signal transduction.
In effector T cells that have encountered antigen, dif-CD8 coreceptors may act as kinetic tuners. By stabiliz-
ing the TCR/peptide±MHC interaction, they may allow ferent responses may be achieved at different thresh-
olds. Cytotoxicity, which requires local secretion of pre-weak agonists to engage TCRs long enough to reach
the triggering threshold, while they may be dispensable stored mediators, can be rapidly induced by a single
peptide±MHC complex and in the absence of measur-in the case of optimal ligands. Accordingly, coreceptors
may either increase the efficiency of TCR triggering by able TCR downregulation (Sykulev et al., 1996; Valitutti
et al., 1996). In contrast, cytokine production, whichweak agonists or change a partial agonist into a full one
(Viola et al., 1997a; Madrenas et al., 1997). depends on gene transcription, is achieved at much
higher thresholds. Given the definition of partial agonistsTunable Thresholds for T Cell Activation
The number of TCRs triggered is an important parameter as ligands that trigger only a subset of the effector re-
sponses, it is tempting to suggest that their propertythat determines the fate of antigenic stimulation. Irre-
spective of the nature and affinity of the ligand, T cells depends on how effectively they push signaling through
the hierarchies of functional thresholds (Itoh and Ger-are activated to proliferate and produce cytokines when
a threshold number of triggered TCRs is reached. How- main, 1997).
While effector T cells are rapidly committed to prolifer-ever, this threshold is not absolute, since it depends on
whether or not costimulation is present and is therefore ate, naive T cells must be stimulated for several hours,
which may reflect their need to increase size beforecharacteristic for a particular T cell±APC interaction. In
human T cell clones that express z30,000 TCRs, the entering the cell cycle (Iezzi et al., 1998). The required
duration of signaling is dependent on the amount ofthreshold has been estimated to be z8000 TCRs in the
absence and z1000 TCRs in the presence of CD28- antigen and the presence of costimulation. When high
doses of antigens are presented by professional APC,mediated costimulation (Viola and Lanzavecchia, 1996).
Indeed, in extreme experimental conditions, when pep- naive T cells become committed after 6 hr; however, at
lower antigen doses, or when costimulation is lacking,tide±MHC complexes are offered on surfaces without
costimulatory molecules, T cell activation is hardly the duration of stimulation needs to be increased up to
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fying and sustaining the signaling process. Finally, the
capacity of the T cell to discriminate the context in which
antigen is presented can be explained by the function
of costimulatory molecules as amplifiers of TCR signal-
ing. As proposed by Charles Janeway, the innate im-
mune system controls the expression of costimulatory
molecules on APC, thus providing a code for the degree
of ªdangerº associated with incoming antigens that ad-
justs the ªgainº of TCR signaling.
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